Weaknesses of the subgrade structure induce the asphalt surface diseases and shorten the service life of flexible pavement. However, the resilient modulus (Mr) of subgrade soils is difficult to be evaluated directly since the subgrade is hidden and covered by the granular or asphalt layer. is study aimed to establish a numerical approach to predict the dynamic behavior of flexible pavements considering the stress sensitivity and moisture variation of subgrade soils. Firstly, 2D FEM simulations of flexible pavements were performed with half-sine loadings. A constitutive model of subgrade soils was proposed to incorporate soil suction and octahedral shear stress. It was validated using the laboratory triaxial test data of 3 selected soils. en, the developed model was programmed by the user-defined material subroutine (UMAT) in the software ABAQUS. Subsequently, the validity of FEM model was verified by the laboratory tank model. Finally, the effect of moisture contents on the dynamic response of pavement structures was studied by tensile stress and vertical compressive strain. Results show that the surface deflection of the FEM model is similar to that of the actual pavement structure with the R 2 of 98.44%. e developed UMAT program is reliable since the distribution of Mr in the FEM model is influenced by the stress and moisture condition of subgrade soils. When the moisture content is increased by 63%, the average Mr of subgrade soils is decreased by 18.7%. Meanwhile, the stiffness softening of subgrade soils increases vertical compressive strain at the top of the subgrade and the tensile stress at the bottom of the surface layer. It is interesting that the developed model can be applied to analyze the fatigue cracking of both subgrade and surface layers in the future.
Introduction
Flexible pavements are widely used in the world and in general consist of three layers: subgrade soils, base course, and asphalt surface [1] . e asphalt surface layer provides the comfortable driving environment, and the subgrade layer ensures the structural deformation stability. As time goes on, as a result of long-term exposure to the external environment, the asphalt surface weakens gradually due to adverse temperature and traffic loads. Also, a large number of studies have been conducted to analyze the mechanism and causes of the asphalt surface damage [2, 3] . However, dynamic properties and permanent deformation of the subgrade structure are difficult to be directly measured during the service period, since subgrade soils are hidden and covered by granular or asphalt base [4] . Few studies have been proposed to describe the dynamic behavior of the subgrade structure. Meanwhile, the entire section of the subgrade is seriously wetted when the humidity of subgrade soils tends to balance. e balanced moisture content of the subgrade is up to 71% higher than the maximum moisture content of the initial design in the south China area [5] . e stiffness of the subgrade decreases significantly and the deformation increases continuously due to the effect of humidity and cumulative load [6] .
ese weaknesses of the subgrade structure become major reasons for the failure of flexible pavement, except for asphalt materials ageing.
Subgrade soils distribute nonuniform dynamic stresses caused by the traffic loading, and both moisture content and matric suction change continuously from top to bottom [7] .
Most flexible pavements are usually static designed by treating the subgrade layer as a linear-elastic material with constant mechanical parameters. However, the dynamic response of flexible pavements is different from that of the static design, since the tensile strain at the bottom of the asphalt surface is 50% less than that of the static response while the shear stress of base course and asphalt surface is significantly increased [8] . Furthermore, several research studies have concluded that the soil subgrade exhibits nonlinear stress-dependent behavior related to soil physical properties [9] . Recognizing these deficiencies, the Mechanistic Empirical Pavement Design Guide (MEPDG) 2004 recommended the resilient modulus (Mr) of subgrade soils as a basic input to calculate the dynamic response of flexible pavements [10] .
e Mr describes the stress-dependent elastic behavior of subgrade soils and is defined as the ratio of stress to strain in cyclic loading under the elastic behavior phase of granular materials [11] . Variations of the Mr often manifest as multiple nonlinearities with the change of test conditions in repeated triaxial tests.
e laboratory test is an accurate approach to evaluate the Mr of soils in different conditions of stresses and moisture [12] . In repeated load triaxial tests, the confining stresses are applied to simulate the overburden pressure and wheel load but it requires well-trained professional and relatively expensive laboratory device. Considering the complexity and inconvenience of the laboratory testing, many researchers attempted to build Mr-predicting models [13] . ey found the Mr of subgrade soils is obviously dependent on the stress and moisture status [14] . At the same time, these physical characteristics of soils are easy to be obtained and embedded in the predicting models.
erefore, it is highly appropriate to employ a Mr-predicting model to characterize mechanical behaviors of subgrade soils relating to physical properties. e numerical methods are regarded as a beneficial supplement of the mechanistic empirical method [15] . Two constitutive models were always used to describe the elastic behavior of soils, such as the linear elastic model and nonlinear elastic model [16] . Based on the linear elastic model, the pavement structure is considered to be a multilayer elastic system, which provides a good analytic approach to explain its static mechanical behavior [17] . However, the model is not suitable for the pavement design under high-speed heavy-duty traffic conditions. Under dynamic loading, the theoretical response is smaller than the realistic measure, since the nonlinear material properties of subgrade soils are overlooked [18] . Recently, the finite element method (FEM) has been used widely to provide better solutions for the pavement dynamic analysis [19] . More specifically, the nonlinear behaviors of subgrade soils can be simulated through a user-defined material subroutine (UMAT), which is programmed according to the userdefined modulus and stress iterative process [20] . In addition, the modulus of a nonlinear UMAT can be calculated using a Mr-predicting model developed by repeated load triaxial tests. erefore, to further understand the actual response of subgrade soils under traffic loads, a FEM model with the UMAT of subgrade soils should be established through a Mr-predicting model that is based on easily obtained parameters and that could adequately quantify the effect of the stress and moisture on the Mr of soils.
e objective of this study is to establish a numerical approach to predict the dynamic behavior of flexible pavements considering the stress sensitivity and moisture variation of subgrade soils. Specifically, a constitutive model of subgrade soils considering moisture variation was developed by the UMAT program. e predicting result for constitutive model was fitted and verified with laboratory results of repeated load triaxial tests. en, the difference of surface deflection between FEM model and laboratory tank model was also discussed. Subsequently, the stress sensitivity of subgrade soils was analyzed by calculating the distribution of Mr and stress state in the subgrade layer. Finally, the effect of moisture contents on the dynamic response of pavement structures was studied by tensile stress and vertical compressive strain. [21] . e axisymmetric model is used to simplify the flexible pavement structure. Preliminary trials indicated that the road vertical deformation error was less than 0.45, if the calculation depth was more than 3 m. Considering the validity and accuracy of the computational resources, the size of the finite element model is set to be 5 m × 3 m (in width and height), as shown in Figure 1 (a). e pavement structure consists of asphalt mixture layer, unsaturated granular base course, and soil subgrade from top to bottom [22] . Meanwhile, the interfaces between each layer are assumed to be fully bonded. e FEM model was meshed with different section and material properties. e size and mesh of pavement model are shown in Figure 1(b) .
FEM Simulation for
e model mesh and nodes are defined as a series of 8-node biquadratic axisymmetric elements. e element mesh is first divided by global coefficients, and then the mesh density is increased in the load action area to ensure that the dynamic response calculation is accurate and precise. e subsidence of the simulated surface of the road was caused by the vehicle's axial load, without considering the influence of self-gravity. e bottom and the side of the model were applied to the constraints, respectively.
Material Parameters and Models.
All the input parameters of pavement materials are displayed in Table 1 . e mechanical behavior of the asphalt layer and the base layer (unsaturated granular material) is characterized by the linear elastic model [23] . Linear elastic moduli of all mentioned materials were derived from design parameters by the Specifications for Design of Highway Asphalt Pavement in China [24] in order to ensure that the FEM model is typical and accurate. In addition, the linear elastic modulus of subgrade soils is usually applied to response analysis of flexible pavements as a constant parameter. However, this research noticed that the influence of humidity and stress on subgrade soils is important, but its behavior is not described clearly by the linear elastic model. erefore, the constitutive model of subgrade soils needs to be developed by the UMAT program.
Load History of Traffic Loading.
e pavement structure is subjected to dynamic loading cycles, which is always assumed to be uniformly distributed on the contact area. e position of the load is shown in Figure 1 (a). To simulate the double circular loading, the loading area is simplified to be a circular rigid plate with a radius of 15 cm [18] . For the BZZ-100 standard axle load in China, axle load is 100 kN and contact pressure is 0.7 MPa. e dynamic loading sequence uses a half-sinusoidal loading waveform to simulate the traffic loads acting on the road surface. Both the load time and the unloading time are 0.1 s. e rest period for each loading cycle is 0.8 s.
where E is the Mr, G is the shear modulus, and μ is Poisson's ratio. In ABAQUS, the Jacobian matrix of the UMAT program is defined by elastic increment matrix, which is used to solve the unknown stress increments with the stress and displacement increments at the beginning of an analysis step.
e constitutive relation in equation (1) needs to transform the position of the elastic matrix, as shown in equation (2), to obtain a new corresponding matrix. is Jacobian matrix simplifies the complex mechanical behavior of materials to the iterative approximation of the Mr with time steps.
erefore, the stress-strain relationship of subgrade soils will 
Material Model considering Stress
State. e strain-stress relationship, especially the Mr, is a key parameter to compute the incremental elastic stress for a given node displacement. Over the years, many material models have been established to obtain the Mr of granular materials at different stress levels [25] . ese generalized models were all validated by fitting well the experimental data from the repeated load triaxial tests under various levels of confining pressures. It is favorable evidence that the mechanical behavior of subgrade soils is nonlinear and stress-dependent. e K-θ model has been well documented as a commonly used nonlinear model of soils (equation (3)) [26] . A three-parameter model evolved from the K-θ model, since the octahedral shear stress is another factor that affects the triaxial test results (equation (4)) [27] . en, the MEPDG model was adopted widely since it is consistent with the actual stress situation by bringing in the shear stress (equation (5)) [7, 10] .
where θ is the bulk stress; τ oct is the octahedral shear stress; p a is the atmospheric pressure, assumed to be 100 kPa; and k 1 , k 2 , and k 3 are the regression coefficients.
Developed Model considering Moisture Variation.
In the MEPDG model, the confining effect is characterized by the bulk stress, which is calculated by adding together confining pressure and deviator stress. However, results of triaxial tests in different stress levels show that the confining pressure is positively correlated with the Mr, while the deviator stress is negatively correlated with the Mr, reported by Yao et al. [5] .
As a result, with the variation of the bulk stress, the evolvement rule of the Mr is not clear.
To avoid no convergence when the deviator stress is dynamic, the minimum bulk stress was proposed as the factor in characterizing the confining effect and defined as the bulk stress under no deviator stress [5, 25] . Meanwhile, to integrate the moisture-dependent factor, a developed predicted model of the Mr is displayed in equation (6) , which incorporates the soil suction and minimum bulk stress into the MEPDG model.
where ψ is the soil suction; θ m is the minimum bulk stress; and k 0 , k 1 , k 2 , and k 3 are the regression coefficients. is equation contains three stress terms, which reflect the moisture state, the confinement effect, and the shear effect, to consider the influencing factors of the Mr [25] . In order to validate the developed model, the predicted values of equation (3) and the measured values of the three selected soils are shown in Figure 2 . Among them, the soil suction of the same soil is the same, and the soil suction of different soils is different. With the change of stress level, the prediction results obtained in a certain soil suction condition agree well with the result of repeated load triaxial tests. e result shows that the material model can predict the dynamic characteristics of subgrade soils correlated with stress and moisture, since the statistical R 2 between predicted and measured values is up to 90%. e low plasticity clay from Guangdong, China, was selected to determine the Mr of subgrade soils with different compaction degrees. e optimum moisture content of low plasticity clay from Guangdong, China, is 12.5%, and the saturated moisture content is 22.02%. According to the developed model considering moisture variation (equation (5)), fitting parameters were calculated and are shown in Table 2 . It is noticed that the degree of compaction in this research is slightly different from the status of subgrade soils in field construction for the convenience and distinction of the repeated load triaxial test.
User-Defined Material Subroutine for
Subgrade Soils e moisture-dependent behavior of subgrade soils was defined by a UMAT subroutine. e flowchart of the userdefined material subroutine for subgrade soils is shown in Figure 3 . e moisture of subgrade was added as a custom variable, and the different layers have different regression coefficients (k 0 , k 1 , k 2 , and k 3 ). During the loading process, the distribution of the Mr is a function of the strain state, so the finite element calculation is performed using the tangential stiffness method [29] .
e tangent stiffness method solves the nonlinear stressstrain behavior by updating the tangent stiffness at each iteration until the stress increment converges. When the subgrade structure is subjected to a dynamic load, the calculated stress of each unit node changes with the loading time history, and the total stress state of the model is updated by the Euler (display integral) method through the stiffness Jacobian matrix. In order to improve the convergence of the iteration, the Mr in each iteration is calculated by the following equation [18] :
where E i is the Mr output from the i th iteration; E i−1 is the Mr output from the (i−1) th iteration; λ is the damping factor (e.g., initial λ is 0.95); and E i c is the computed modulus from equation (3) in the i th iteration. In the subgrade model, the computed stresses of element nodes are different along with different dynamic loading.
e Mohr-Coulomb failure theory is applied to adjust the initially stresses of model, and the cumulative error for the entire model is controlled to be less than 0.5%. Moreover, the individual convergence criterion for each node is shown in the following equation:
where Error i is the iteration error.
Results and Discussion

Model Validation by Laboratory-Measured Deflection.
e critical pavement responses were commonly described by the surface deflection. Figure 4 compares the surface deflection of the developed pavement model and the laboratory tank test when they are subjected to a 565 kPa load on a circular area with a radius of 15 cm [20] . In Figure 4 (b), it is seen that as the distance to the center of the load increases, the measured and predicted road surface de ection gradually decreases. Meanwhile, the result of this model is similar to the actual measured response of pavement structure with the R 2 of 98.44%. e main cause of measurement error is that the strengths of pavement materials are enhanced by the cyclohoop e ect of the steel tank. In addition, the good agreements indicate the feasibility and correctness of the developed UMAT subroutine.
E ect of Stress Distribution on Resilient Modulus.
e distribution of Mr within the subgrade is plotted in Figure 5 (a). e subgrade soils were considered as a stressdependent material. Along with the depth, the bulk stress of soils increases and the shear stress is weakened. Under the center of dynamic loading, the Mr of the surface is the smallest, while the Mr at the bottom of the subgrade is the largest away from the surface.
e distribution of the modulus is nonuniform in the vertical and horizontal directions because the internal stress state of the subgrade changes.
e vertical stress is a signi cant factor a ecting the response of pavement structures under tra c load [30] . Calculate Mr E i c by using equation (6) Obtain Mr of every node with the above steps Figure 5(b) shows the distribution of vertical stresses within the subgrade layer. is is consistent with the state of the predicted modulus, i.e., the vertical stress near the load center changes drastically. e horizontal distribution of stress is limited, and the bulk stress of soils becomes the major factor influencing the variation of the modulus.
Effect of Moisture Content on Dynamic Responses.
Soil suction is an input parameter in the user-defined material model of subgrade soils (equation (5)). In order to study the effect of soil moisture content on the rebound modulus and road surface response, the influence law was analyzed by changing the soil suction of the model. In this study, three different moisture states of subgrade soils are 9.5%, 12.5%, and 15.5%, corresponding to low moisture content, optimum moisture content, and high moisture content. e soil water characteristic curve (SWCC) depicts the relationship between matric suction and water content, as shown in Figure 6 . e modified Fredlund and Xing model was applied to describe the SWCC of the low plasticity clay, in equation (9) [31] . e soil suction can be backcalculated by the corresponding moisture content through the Fredlund and Xing model:
where θ w is the volume moisture content; θ s is the saturated volume moisture content; ψ is the soil suction; and a, n, and m are the fitting parameters; the result is shown in Table 3 . Figure 7 compares the average modulus of three sublayers at different moisture conditions. e result shows that the Mr of soils increases layer by layer of the subgrade. Moisture content is an important factor affecting the Mr of subgrade, since the increase of the moisture content significantly Advances in Civil Engineeringreduces the Mr of each subgrade layer. From low moisture to high moisture, the moisture content is increased by 63%, the average Mr of subgrade soils is decreased by 18.7%.
e variations of Mr in turn change the dynamic response of the pavement construction. As shown in Figure 8 , the moisture condition of subgrade soils affects the tensile stress at the bottom of the surface layer. Peaks of time history curves of tensile stress appear near 0.1 s, since the response of the asphalt surface layer is directly affected by the traffic loading in terms of waveform and period. Meanwhile, as the moisture content increases, the tensile stress of the surface layer increases from 451.46 kPa to 499.72 kPa. It indicates that the increase in the moisture content of soils will accelerate the damage of the road surface, since the change makes a difference in the stiffness softening of subgrade soils and the increase of the tensile stress at the bottom of the surface layer.
e vertical compressive strain at the top of subgrade is an important performance indicator of subgrade. As shown in Figure 9 , time-history curves of vertical strain on the top surface of the subgrade at the load centerline were displayed with different moisture content. e plus sign (+) represents the tensile strain and the minus sign (−) represents the compressive strain in the FEM calculation. e compressive stress firstly increases and then decreases with the increase of the loading time. e dynamic deformation within subgrade soils is nonlinear since the curve peak is delayed by about 0.05 s and the residual strain cannot be neglected after stopping the loading. Meanwhile, as the moisture content increases, the compressive strain increases remarkably from 19.50 × 10 −5 to 22.51 × 10 −5
.
Conclusions
is study proposed a numerical approach to predict the dynamic response of flexible pavements by considering the stress sensitivity and moisture variation of subgrade soils.
e constitutive equation of subgrade soils was verified by repeated triaxial test results of three soils. Meanwhile, the proposed stress-strain relationship was embedded in the finite element model to characterize the nonlinear behavior of subgrade soils. e validity of the FEM model was verified by the laboratory tank model. en, the stress sensitivity of subgrade soils was analyzed by calculating the distribution of Mr and stress state in the subgrade layer. Finally, the influence of moisture condition of subgrade soils on dynamic responses of flexible pavements was analyzed.
e main contributions and conclusions are as follows: take into account the moisture variation. e result shows that predicted values have a good agreement with results of repeated load triaxial tests, since R 2 of the fitting result is greater than 90%. (2) A convergence principle for the UMAT program was presented by the tangent stiffness method and Mohr-Coulomb failure theory. e surface deflection of the FEM model is similar to that of the actual pavement structure with R 2 of 98.44%. It was also found that the distribution of Mr is nonuniform in the vertical and horizontal directions because the internal stress state of the subgrade changes. It indicates that the FEM model embedded by the developed UMAT program is accurate and reliable. (3) e moisture content of subgrade soils is characterized by the matric suction based on the modified Fredlund and Xing model. From low moisture to high moisture, the moisture content is increased by 63% and the average Mr of subgrade soils is decreased by 18.7%. e stiffness softening of subgrade soils increases vertical compressive strain at the top of the subgrade and then increases the tensile stress at the bottom of the surface layer. (4) According the pavement design theory, these changes of design indicators with the rise of moisture content lead to the shorter serve life of flexible pavements. It is interesting that the pavement life can be accurately estimated by taking into account the stress and moisture condition of subgrade soils. e research will be carried out in the future by the developed model to analyze the fatigue cracking of both subgrade and surface layers.
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